ABSTRACT Bacillus thuringiensis phosphatidylinositol-specific phospholipase C (BtPI-PLC) is a secreted virulence factor that binds specifically to phosphatidylcholine (PC) bilayers containing negatively charged phospholipids. BtPI-PLC carries a negative net charge and its interfacial binding site has no obvious cluster of basic residues. Continuum electrostatic calculations show that, as expected, nonspecific electrostatic interactions between BtPI-PLC and membranes vary as a function of the fraction of anionic lipids present in the bilayers. Yet they are strikingly weak, with a calculated DG el below 1 kcal/mol, largely due to a single lysine (K44). When K44 is mutated to alanine, the equilibrium dissociation constant for small unilamellar vesicles increases more than 50 times (~2.4 kcal/mol), suggesting that interactions between K44 and lipids are not merely electrostatic. Comparisons of molecular-dynamics simulations performed using different lipid compositions reveal that the bilayer composition does not affect either hydrogen bonds or hydrophobic contacts between the protein interfacial binding site and bilayers. However, the occupancies of cation-p interactions between PC choline headgroups and protein tyrosines vary as a function of PC content. The overall contribution of basic residues to binding affinity is also context dependent and cannot be approximated by a rule-of-thumb value because these residues can contribute to both nonspecific electrostatic and short-range protein-lipid interactions. Additionally, statistics on the distribution of basic amino acids in a data set of membrane-binding domains reveal that weak electrostatics, as observed for BtPI-PLC, might be a less unusual mechanism for peripheral membrane binding than is generally thought.
INTRODUCTION
The association of peripheral membrane proteins with biological membranes is classically described as an electrostatically driven approach followed by the intercalation of hydrophobic groups into the lipid bilayer. Long-range, nonspecific electrostatic forces between the negatively charged membrane and clusters of basic amino acids bring the protein into a binding-competent orientation relative to the lipid bilayer and play a major role for numerous prototypical peripheral membrane proteins (1) (2) (3) (4) . Experimental and pioneering computational studies have revealed that nonspecific electrostatic interactions contribute a few kilocalories per mole to the overall affinity. It is also estimated that each basic amino acid contributes up to 1 kcal/mol to the binding free energy (2, 5) .
Bacillus thuringiensis phosphatidylinositol-specific phospholipase C (BtPI-PLC) is a 34.8 kDa secreted virulence factor that carries a negative net charge (À7 e) and binds most tightly to phosphatidylcholine (PC) bilayers containing negatively charged phospholipids, (e.g., phosphatidylglycerol (PG), phosphatidylserine, phosphatidic acid, and phosphatidylinositol (6) ). Its interfacial binding site (IBS) consists of a small a-helix, helix B (7), and two neighboring loops rich in tyrosines that we have shown engage in cation-p interactions with the choline groups of dimyristoylphosphatidylcholine (DMPC) lipids in neutral bilayers (8) . These cation-p interactions provide a likely molecular mechanism for BtPI-PLC's PC specificity (8, 9 ), but do not account for its preference for bilayers containing a small fraction of anionic lipids (10) .
The affinity of BtPI-PLC has been measured to be tightest for vesicles containing PC and 20% anionic lipids. For this composition, the affinity is~4 times more favorable than that for neutral vesicles, and a higher anionic lipid content decreases the affinity considerably (10) . Surprisingly, under the tightest binding conditions, mutating a single lysine (K44) to an alanine decreases the binding affinity to 1/55th of that of the wild-type (WT) protein, corresponding tõ 2.4 kcal/mol. This effect is of the same order of magnitude as the mutation of hydrophobic amino acids of helix B and is 14 times greater than the fourfold loss of binding affinity observed for binding to pure PC vesicles versus vesicles containing PC and 20% anionic lipids. If mutating K44 affects only the nonspecific electrostatic forces involved in the adsorption of protein onto the phospholipid bilayer, the effect of removing the anionic lipids should be comparable to that of mutating K44 and the other basic amino acids. Furthermore, the effect of the K44A mutation on the affinity of BtPI-PLC toward negatively charged vesicles is strikingly high compared with values found in the literature (2, 5) .
Here, we investigate the forces that drive BtPI-PLC's specificity for negatively charged PC-containing vesicles by separately addressing the two steps that govern membrane affinity: association (k on ) and dissociation (k off ). Although the former is fast, the dissociation that follows is comparatively slow and constitutes the rate-limiting step. As a consequence, in systems where the protein binds to the membrane without undergoing significant conformational changes or interacting with another protein, the affinity for the membrane is mostly accounted for by interactions between the protein IBS and lipids. As these interactions are difficult to assess experimentally, molecular dynamics (MD) simulations are widely used to evaluate IBS-lipid interactions (11) (12) (13) (14) .
Using multiple 500-ns-long MD simulations of BtPI-PLC at the surface of pure DMPC, pure dimyristoylphosphatidylglycerol (DMPG), and mixed DMPC/DMPG (composition described by mole fraction PC, X PC ) bilayers, we mapped specific protein-lipid interactions and investigated how these interactions are influenced by the anionic lipid content. We also evaluated the nonspecific electrostatic contributions of key basic amino acids to the association step using continuum electrostatic calculations, which were previously used to quantify the role of electrostatics in protein-membrane association (15, 16) . We determined experimentally the effect of mutating key basic amino acids to alanine by using fluorescence correlation spectroscopy (FCS) to measure the affinity of BtPI-PLC variants for small unilamellar vesicles (SUVs). Combining the computational and experimental data allowed us to formulate a complete model of BtPI-PLC membrane binding. A novel characteristic of this model is the unusually weak nonspecific electrostatic contribution due to the curiously low number and distribution of lysines and arginines on the BtPI-PLC surface. The rather unexpected character of this finding led us to evaluate how (un)common such a distribution is among peripheral membrane proteins. We thus analyzed the number and distribution of basic amino acids in a database of peripheral membrane-binding proteins, and found that a significant number of peripheral membrane proteins are highly likely to also display weak nonspecific electrostatics. We propose that such weak interactions could be beneficial for the function of some classes of peripheral membrane proteins, particularly those that must exhibit a quick response to environmental changes.
MATERIALS AND METHODS

MD simulations
As no x-ray structure is available for WT BtPI-PLC, we built a model as described by Grauffel et al. (8) , using the x-ray crystal structures of the BtPI-PLC Y247S/Y251S (17) (PDB ID: 3EA1) and W47A/W242A (18) (PDB ID: 2OR2) mutants. The starting orientation of bilayer-bound BtPI-PLC was obtained from the same study and based on implicit membrane simulations (8) .
The protocol used for bilayer preparation is described in Supporting Materials and Methods in the Supporting Material. The protein was manually docked on the preequilibrated mixed bilayers as described in Grauffel et al. (8) , using membrane orientations obtained from BtPI-PLC MD simulations with an implicit membrane model (8) . Lipids located within 2 Å of the protein were removed to avoid coordinate overlap and steric clashes. The system was then minimized as described by Grauffel et al. (8) and solvated with TIP3P water molecules using VMD (19) . After solvation, if the system had a net charge, additional sodium ions were added by randomly replacing water molecules to achieve an overall charge neutral system.
MD simulations of bilayer-bound BtPI-PLC
The combined protein-lipid system was then subjected to two short (400 ps) equilibrations in the NVT ensemble with constraints on the protein backbone. Subsequently, we equilibrated the system for 2 ns in the NPT ensemble without any constraints before finally performing the 500 ns NPT simulation. The temperature was set to 310 K during the simulation with a 2 fs integration time step in NAMD (v2.9) (20) . In all cases the temperature was controlled using Langevin dynamics (temperature damping coefficient: 1.0) and the pressure was set to 1 atm using the Langevin piston method (21) with an oscillation period of 200 fs and a damping timescale of 50 fs. The CHARMM all-atom force field (22) (c22 including the CMAP correction) (23) and the force field update for lipids (CHARMM36) (24) were then used for all of the 500 ns simulations. Trajectory conformations were saved every 10 ps. Two simulations were performed for each lipid composition, and in the second replicate the protein was rotated by 180 around the bilayer normal (z axis) to allow for different initial protein-lipid contacts. This rotation was done to avoid bias in protein-lipid interactions due to the initial distribution of lipids under or around the protein, and also to improve the sampling. Analyses of the trajectories were performed using CHARMM (v33b1) (25) and VMD (v1.9.1) (19) on the last 450 ns of each simulation in a manner similar to that described in Grauffel et al. (8) .
We first checked that the simulations had converged. All simulations with X PC > 0 converged to a stable BtPI-PLC anchorage at similar insertion depths and with no significant structural changes compared with the x-ray crystal structure. The backbone root mean-square deviation (RMSD) is at most 1.61 Å (see Supporting Materials and Methods; Table S2 ). Moreover, the interactions between protein amino acids and lipids converge to a pattern that is reproduced by both replicas. Hydrophobic interactions and hydrogen bonds were assigned as described in Supporting Materials and Methods. Cation-p interactions between the aromatic amino acids (Tyr, Phe, and Trp) and the choline group of the DMPC lipids were assigned as described earlier (8, 26) . Hydrophobic contacts, hydrogen bonds, and cation-p interactions were averaged over the two replicas.
Continuum electrostatic calculations
We extracted the structures of the bilayers after the simulations to perform continuum electrostatic calculations by solving the Poisson-Boltzmann (PB) equation. These equilibrated bilayers provide a better description of the membrane than ideal flat bilayers (i.e., nonequilibrated lipid bilayers) such as those used in previous studies (15, 16) . For these calculations, we prepared the protein-membrane complex by placing the protein with its membrane-binding orientation above the bilayer upper leaflet. We defined the minimum protein-membrane distance (d) as the z distance between the HD1 atom of Ile43 and the maximum z coordinate of the bilayer. HD1 is a hydrogen atom on the Cd atom of Ile43 and was chosen because it is the most deeply anchored atom in the membrane-binding conformation. The initial position of the protein was set to d ¼ 12 Å . The protein was then gradually translated toward the membrane. Both the protein and the membrane were kept rigid. PB calculations of the electrostatic potential were carried out using APBS (version 1.3) (27) . This electrostatic potential and those obtained from the bilayer and the protein were then used to calculate the electrostatic free energy (28, 29) . A similar scheme has been used for other proteins (15, 16, 30) . The nonpolar contribution to the binding free energy was not evaluated, as that was not the goal of this work.
Database statistics
The statistics for net charges and the distributions of basic amino acids in peripheral membrane proteins were obtained from a curated data set based on the Orientations of Proteins in Membranes (OPM) database (31) . This database contains membrane-associated proteins and predictions of their orientation in a DOPC bilayer model. We selected all protein families of the OPM classification type monotopic/peripheral, for a total of 337 families. For each selected family, we obtained the average net charges, b c F . We defined solvent-exposed residues to be those with at least 20% of their surface contributing to the protein surface in its maximal exposure. Using MMTK (32), we calculated the surface contributions from each atom using a radius around the atom equal to the sum of its van der Waals radius and a fixed 1.4 Å term to mimic water accessibility. Maximal exposure for each residue type was obtained from a random-coil model (33) . We defined the insertion coordinate, i, of a point to be the distance from that point to the end of the hydrocarbon region of the membrane in the membrane model employed in the OPM database (34) . This distance was made negative for points on either of the hydrated sides of the membrane of the membrane. We use n basic p ðz; xÞ to denote the number of solvent-exposed basic amino acids in protein, p, that have a carbons with insertion coordinates z % i and i < x. The number of basic amino acids at the IBS is then taken to be n basic p (0, À10 Å ), and we report the family average, w basic F . We also calculated the average surface density of basic amino acids at varying distances from the membrane ðn 
Expression and purification of BtPI-PLC and its variants
All BtPI-PLC mutants were constructed from the plasmid containing the mutant N168C BtPI-PLC gene, using a QuikChange Site-Directed Mutagenesis Kit from Agilent Technologies (Santa Clara, CA). The Cys at 168 was used to fluorescently label the proteins for FCS experiments. Mutated genes were sequenced to ensure that the correct mutations had been incorporated and no other mutations had arisen. All BtPI-PLC variants expressed at high levels in Escherichia coli and were purified in two chromatographic steps (elution on a Q-Sepharose fast-flow column and then on a phenyl-Sepharose column) as described previously for recombinant BtPI-PLC (35) . More than 90% purity was achieved as monitored by SDS-PAGE. Protein solutions were concentrated and the protein concentration was calculated from the absorption at 280 nm using extinction coefficients estimated by ProtParam (36) . The composition of secondary-structure elements, estimated from far-UV circular dichroism data, was essentially the same for all of the variants, indicating that no significant secondary-structure changes had occurred (see Table S9 ). We assessed the thermal stability of BtPI-PLC by using far-UV circular dichroism and monitoring the ellipticity at 222 nm while increasing the sample temperature 0. 5 per minute (7, 37) . We determined the specific activities of all variants (see Supporting Materials and Methods) toward SUVs prepared by sonication and composed of 2 mM phosphatidylinositol (PI) plus various concentrations of 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) in 50 mM HEPES (containing 1 mg/mL bovine serum albumin), pH 7.5. For pure PI and PI/PC (4:1) SUVs, the total phospholipid concentration was below or comparable to the K d ; hence, the mutant-specific activities were lower than observed for the WT enzyme. For PI/PC SUVs with X PC ¼ 0.5 and 0.8, the total phospholipid concentration was above the apparent K d for all of the Lys/Arg to Ala mutants except K44A. Specific activities were measured by 31 P NMR spectroscopy as described previously (6, 10) . All phospholipids were obtained from Avanti Polar Lipids (Alabaster, AL). 
FCS measurements of
RESULTS
Influence of PC content on short-range specific protein-lipid interactions
To determine the roles of short-range protein-lipid interactions in BtPI-PLC membrane affinity, and to identify the interactions responsible for lipid specificity, we performed multiple 500-ns-long MD simulations for BtPI-PLC docked to preequilibrated DMPC/DMPG bilayers with four different DMPC mole fractions: X PC ¼ 0, 0.5, 0.8, and 1.0 (Supporting Materials and Methods; Table S1 ). The results for X PC ¼ 1.0 were taken from earlier reported simulations (8) . Although the residence time of BtPI-PLC on SUVs has been measured to be a few hundreds of milliseconds (9) , the use of shorter MD simulations to map relevant protein-lipid interactions has proven reliable (8, 9, 38) . To avoid bias due to the initial distribution of lipids around the protein, we repeated all of the simulations using different initial protein positions in the membrane plane. We also performed a simulation using the K44A BtPI-PLC mutant bound to an anionic membrane (X PC ¼ 0.8).
Interactions with a pure DMPG bilayer (X PC ¼ 0)
Both simulations of WT BtPI-PLC docked to pure DMPG bilayers indicated loose binding of the protein to pure DMPG bilayers compared with DMPC-containing bilayers. In one of the simulations, the protein completely detached from the bilayer within 200 ns (Fig. 1) . In the other simulation, the protein remained bound but the structure of the b7-aG loop (also called the rim loop) became distorted (Fig. 2) . The average backbone RMSD of b7-aG along the simulation time is 1.8 5 0.4 Å , compared with 0.4 5 0.1 Å in simulations with PC-containing bilayers (see Fig. S1 ). Compared with those simulations, we also observed a loss of long-lived backbone hydrogen bonds (N243-G238, N243-T240, and Y248-S244) in the rim loop. A similar distortion of the b7-aG loop was observed in simulations of the free Y248A variant, which showed impaired lipid binding with an apparent K d~1 50 times higher than that of WT BtPI-PLC toward vesicles with X PC ¼ 1 (8) .
Interactions with DMPC/DMPG bilayers:
All of the simulations with bilayers containing PC lipids yielded stable BtPI-PLC anchorage, with no significant structural changes compared with the x-ray crystal structure. The backbone RMSD is at most 1.61 Å (average values for each simulation are provided in Table S2 ). The protein anchored helix B and the rim loop in the bilayer interface (Fig. 3 ) at similar depths (Fig. 4) independently of the PC lipid content.
For each of the three bilayer compositions, we inventoried the interactions that occurred between the bilayer lipids and protein residues located at the interface. We report in Table 1 the numbers of hydrogen bonds, hydrophobic contacts, and cation-p interactions per frame, averaged over each of the bilayer compositions and replicas (the corresponding values per amino acid are provided in Table S3 ). Briefly, three main BtPI-PLC regions mediate most of the interactions with lipids, namely, helix B, the b2-aD loop, and the b7-aG loop. Helix B anchors deepest, with most of its amino acids below the phosphate plane (Figs. 3 and 4). Residues 238-242 of the b7-aG loop are also inserted below the average phosphate plane (Table S4 ). All three anchored regions mediate hydrophobic interactions with multiple lipid tails; for example, helix B mediates 25-26 hydrophobic contacts irrespective of the PC content in the bilayer (Fig. 5 A) . The hydrophobic contacts mediated by BtPI-PLC with the lipids do not vary significantly with X PC . The same applies to hydrogen bonds. We observe long-lived hydrogen bonds between lipid phosphate groups and the side chains of charged (K44, R71, K122, and K201), polar (S236 and S244), and aromatic residues (Y88, Y246, Y247, and Y251), as well as the backbones of polar residues (Q40 and N41). However, there is no correlation between the number and stability of these hydrogen bonds and the mole ratio of PC lipids in the bilayers.
The trend is different for cation-p interactions between choline headgroups of PC lipids and tyrosines. The overall number of cation-p interactions clearly increases with PC enrichment. In a previous study (8) , we reported that Y88, Y204, Y246, or Y251 engaged in high-occupancy cation-p interactions in simulations of BtPI-PLC with pure DMPC bilayers. Here, upon addition of DMPG to the bilayers, we observed that the occupancy of cation-p interactions varied with X PC (Fig. 5 B) . The occupancies of the cation-p interactions mediated by Y246, Y251, and Y204 increased from X PC ¼ 0.5 to X PC ¼ 0.8, but not significantly between X PC ¼ 0.8 and 1.0. Although we ensured that the simulations were not biased by the initial lipid distribution, we cannot rule out the possibility that this apparent saturation is an artifact of the relatively short timescale of our simulations. Y88 and Y246 are located close to the IBS and mediate the cation-p interactions with the highest Comparison of the BtPI-PLC membrane-bound secondary structure after a 500 ns simulation for X PC ¼ 0 (red, pure DMPG) and X PC ¼ 0.5 (blue). The backbone structures were aligned using PyMOL (39) . For the sake of clarity, lipids, water molecules, and ions are not shown. The essential intramolecular interactions within the rim loop (b7-aG) are lost at X PC ¼ 0, causing a distorted loop structure (arrow). To see this figure in color, go online. occupancy. They are also the Tyr residues whose mutation to alanine has the largest effect on a protein's affinity for SUVs (8) (also see Fig. S2 ). Overall, the occupancy of these interactions for tyrosines 86, 88, 204, 246, 247, and 251 correlates qualitatively with the effects of their mutation to alanine on BtPI-PLC's affinity for SUVs (cf. Grauffel et al. (8) and Fig. S2 ). Y251 is the only tyrosine that we observed to mediate two cation-p interactions simultaneously, with an occupancy of up to 11% at X PC ¼ 0.8 (r1), which may be due to the accessibility of its side chain to PC lipids (see Tables S5 and S6 ).
Interactions of BtPI-PLC K44A with a mixed bilayer: X PC ¼ 0. 8 Experimental data indicate that mutating K44 to alanine drastically affects the affinity of BtPI-PLC for SUVs. Here, we investigated the effect of this mutation on specific protein-lipid interactions by docking K44A BtPI-PLC on a mixed bilayer (X PC ¼ 0.8). In contrast to simulations with a pure DMPG bilayer or the Y248A mutant in water (8), K44A remained bound to the membrane surface with an unaltered structure. The average RMSD of the protein backbone along the simulation time relative to the energy-minimized K44A structure is 1.5 5 0.2 Å . An analysis of the depth of anchorage for different amino acids shows that there is negligible variation along the simulation, but major interactions are lost (cf . Table S7 ). In particular, an important protein-lipid hydrogen-bond network around helix B, involving Q40 and N41 backbone atoms, the K44 side chain, and DMPC phosphates, is lost (8) . As a consequence, the number of hydrogen bonds mediated by helix B is low compared with the WT. Moreover, helix B mediates slightly fewer hydrophobic contacts per frame (24.7 vs. 25.7, respectively). As might be expected, the occupancies of the cation-p interactions are generally comparable to those observed for WT BtPI-PLC.
Nonspecific electrostatic interactions upon membrane association
The BtPI-PLC IBS includes five lysines (K38, K44, K122, K201, and K279) and one arginine. Whereas K44 is located on helix B, the four other lysines and one arginine (R71) are carried by other structural elements and do not form the The average numbers of hydrogen bonds, hydrophobic contacts, and cation-p per frame are given for each replica (r1/r2). obvious cluster(s) that are often described for membranebinding domains. This leads us to ask about the magnitude of nonspecific electrostatic interactions between proteins and negatively charged membranes.
Electrostatic free-energy profile
We calculated the electrostatic component of the binding free energy by using continuum electrostatics and solving the PB equation (cf. Supporting Materials and Methods and Fig. S3 ). This approach has been successfully used to describe the electrostatic properties of proteins, nucleic acids, and membranes (27, 40, 41) . Note that the chosen approach only allows us to reasonably estimate the electrostatic contribution when the protein is above the modeled membrane and not at its most favorable anchorage depth. The latter is measured by the MD simulations presented above to be~8-10 Å below the membrane surface, as measured by the position of the center of mass of isoleucine 43, the deepest-anchored residue.
Electrostatic potential isocontours at 51 k B T/e for BtPI-PLC (Fig. 6 A) show large negative regions. The positive regions are more restricted in size, with one of the larger positive regions located around helix B. The profile of the electrostatic free energy for WT approaching a negatively charged bilayer (DMPC/DMPG, X PC ¼ 0.8) shows a minimum at a protein-membrane distance, d, of 3-4 Å (Fig. 7) . The electrostatic free energy is at most À0.25 kcal/mol, much lower than that reported for other membrane-binding domains using the same computational approach (from À3 to À5 kcal/mol) (16) . The electrostatic free energy becomes less favorable as the protein moves toward the membrane from this minimum, eventually becoming unfavorable when the protein is in contact with the membrane surface (þ0.4 kcal/mol) and crosses the upper limit of the membrane (þ1.1 kcal/mol) (Fig. 7) . The favorable contribution is largely due to K44, and the K44A mutation almost completely abolishes the favorable DG el (Figs. 6 B and 7) . Mutations at other positively charged residues (K38, R71, K122, K201, and K279) affect DG el to a lesser extent, with a value of~À0.1 kcal/mol at the most favorable distance.
Effect of membrane composition and salt concentration
We evaluated the dependence of the protein electrostatic free energy on lipid composition by calculating the electrostatic free energy at d ¼ 3 Å for decreasing ratios of DMPC lipids (X PC ¼ 1.0, 0.8, 0.5, and 0) (Fig. 8 A) . The electrostatic free energy is slightly unfavorable for a neutral membrane (0.1 kcal/mol) and decreases monotonically with the PC content until X PC ¼ 0.5 (DG el ¼ À0.68 kcal/mol). It then increases to À0.42 kcal/mol with X PC decreasing to zero, in agreement with experimental data (42) .
We further calculated DG el for d ¼ 3 Å and X PC ¼ 0.8 at salt concentrations ranging from 0.025 to 0.7 M (Fig. 8 B) . BtPI-PLC shows a quasi-parabolic dependence of the electrostatic free energy on salt concentration.
At the lowest ionic strength tested (0.025 M), the electrostatic free energy of interaction between the protein and the membrane is slightly unfavorable (0.08 kcal/mol). It then quickly becomes more favorable until a salt concentration of 0.1 M (À0.25 kcal/mol) is reached, which is also approximately the physiological ionic strength surrounding the target eukaryotic cell. It then gradually becomes less favorable with increasing salt concentrations. This behavior can be explained by the fact that the unfavorable interactions between the protein and the bilayer are not significantly screened at low salt concentrations (see the large negative electrostatic potential isocontours shown in Fig. 6 A) . However, it is important to note that the electrostatic partitioning of BtPI-PLC is low. FIGURE 6 (A and B) Calculated electrostatic potentials of (A) WT BtPI-PLC and (B) K44A. The isocontours at þ1 kBT/e (blue) and À1 kBT/e (red) are shown. Note the change of the isosurface around the K44A mutation site in helix B (black circle). The images were prepared using VMD (19) . To see this figure in color, go online. FIGURE 7 Electrostatic free-energy profile of WT and mutants with an anionic membrane (X PC ¼ 0.8), using a 0.1 M salt concentration. A hydrogen atom in Ile43 (CHARMM nomenclature HD1) is the closest BtPI-PLC atom to the membrane in the membrane-binding orientation, where the approach is along the z axis perpendicular to the membrane. The position of this atom relative to the membrane is decreased to drag the protein toward the membrane while keeping both the protein and the membrane rigid. Errors arising from grid spacing are evaluated to be <0.003 kcal.mol À1 (for details, see Supporting Materials and Methods).
To see this figure in color, go online.
Affinity of BtPI-PLC variants for SUVs
Using FCS, we determined the SUV binding affinities for a selection of BtPI-PLC mutants that were chosen to test the computational predictions ( Fig. 9 ; Table S8 ). K38, R71, and K279 are basic amino acids located in or close to the IBS of BtPI-PLC. Their mutation to alanine does not significantly affect the protein structure (cf . Table S9 ) and they all show comparable enzymatic activity relative to the WT at X PC ¼ 0.5 (Fig. S4) . Lower specific activity toward X PC ¼ 0 and 0.2 SUVs correlates with the loss of binding affinity provided by the removal of a given Lys or Arg (cf. Fig. S4 B) . Experiments measuring the affinity of the mutants for PC/PG SUVs show that R71A and K279A have apparent dissociation constants, K d , that are 2-4 times higher than that of the WT toward SUVs containing X PC ¼ 0-0.5, and these mutants recover binding affinity at higher X PC values, presumably due to the increased importance of specific tyrosine-mediated cation-p interactions with PC relative to electrostatics. The K38A mutation is more perturbing, with añ 10-fold lower K d relative to the WT for 0. 
Distribution of basic amino acids in a database of peripheral membrane proteins
The low electrostatic partitioning combined with the major role of one particular basic residue is unexpected for a peripheral membrane protein. Our MD simulations and continuum electrostatic calculations indicate that this is due to the small number and spatial distribution of basic amino acids at the BtPI-PLC IBS. To determine whether this feature of BtPI-PLC is shared by other peripheral membrane proteins, we performed a statistical analysis on the predicted membrane orientations of proteins classified as peripheral/monotopic in the OPM database (31) . The distribution of overall charges (Fig. 10 A) reveals that the balance of acidic and basic amino acids in these proteins does not show any overrepresentation of net positive charge. The mean density of basic amino acids on the protein surface seems to be slightly higher close to membrane headgroups (Fig. 10 B, where the phosphate density is expected to peak at insertion coordinates around À4 Å (34)). The distribution of the mean number of basic amino acids within 10 Å of the end of hydrocarbon region (Fig. 10 C) indicates that it is not uncommon for protein families in the data set to have three or fewer basic residues in this region. These results suggest that BtPI-PLC is not unique, and that many peripheral membrane proteins may lack large surface clusters of basic amino acids.
DISCUSSION
Using computations, we have identified protein-lipid interactions (Figs. 5 and 7; Tables S3 and S7) that are in agreement with the membrane-affinity data obtained for BtPI-PLC variants with tyrosine (Fig. S2) or basic amino acid mutations (Fig. 9) . Using continuum electrostatic calculations, MD simulations, and FCS affinity measurements, we can thus formulate a complete model of BtPI-PLC specific binding to anionic PC-containing vesicles. Weak nonspecific electrostatic interactions are dominated by Lys44, which upon mutation yields a loss of affinity resulting from the loss of not only nonspecific electrostatic interactions but also short-range interactions with bilayer lipids. The number of hydrogen bonds and hydrophobic contacts between the protein and lipids is not affected by the lipid composition. Instead, the balance between weak nonspecific electrostatics and opportunistic cation-p interactions ensures that the protein will interact preferentially with anionic vesicles containing large amounts of PC lipids.
Opportunistic choline-tyrosine cation-p interactions
Simulations of the enzyme at the interface of pure DMPG bilayers show a loose complex with a clear loss of shortrange protein-lipid interactions, and in one of the MD replicas the protein dissociates from the bilayer after 200 ns. This result is particularly meaningful for a simulation started with the protein anchored at the bilayer interface, and is consistent with the weak vesicle affinity measured by FCS. On the other hand, the 500-ns-long MD simulations of BtPI-PLC at the surface of mixed PC/PG bilayers result in a stably anchored protein.
In agreement with previous experimental and computational studies, both helix B and the rim loop intercalate hydrophobic amino acids into the bilayers (7, 8, 35) . However, neither hydrophobic contacts nor hydrogen bonds between the protein and lipids are dependent on the bilayer composition (cf. Table 1 and Fig. 5 A) .
The simulations show that the occupancies of cation-p interactions between choline headgroups of DMPC and tyrosines vary as a function of DMPC content for the Tyr residues that make the largest contributions to membrane affinity (Y88, Y204, Y246, and Y251). Furthermore, the occupancies of these interactions during the simulations correlate qualitatively well with the effect their mutation has on the binding affinities of BtPI-PLC (cf. Fig. S2 ): the higher the measured effect on the apparent K d , the greater the occupancy of these interactions during the WT simulations. It is important to note that, unlike cation-p interactions observed in ligand-receptor binding (e.g., acetylcholine esterase (43) or histone tails (44)), BtPI-PLC does not recruit choline groups to PC high-affinity binding sites. Rather, these interactions are opportunistic and occur stochastically in the presence of PC lipids. The opportunistic nature of these interactions might also explain the apparent saturation of cation-p interactions between Y246, Y251, and Y204 at high X PC . The opportunistic character of the choline-protein interactions serves the function of BtPI-PLC well, as it is a virulence factor that recognizes the extracellular leaflets of eukaryotic membranes, which have a high PC content.
Although the ability of CHARMM and other force fields to reproduce cation-p interactions between tryptophans and methylated lysines has been investigated (45), we are not aware of similar studies for interactions involving tyrosines. Even though our results cannot replace a systematic benchmark, they indicate that the force field provides a qualitatively satisfactory description of the tyrosine-choline interactions.
Unlike other basic amino acids, K44 is an interfacial residue
Another striking feature of BtPI-PLC is the large effect that mutating a single lysine into an alanine has on the apparent K d . For vesicles with X PC ¼ 0.8, the mutation of K44 to alanine decreases the affinity~55-fold compared with the WT or a contribution of 2.4 kcal/mol, which is clearly higher than the calculated electrostatic contribution (<1 kcal/mol). It is also higher than early reports of the contribution of basic amino acids to membrane binding. For example, Kim and co-workers (5) reported that the binding affinity of short basic peptides for vesicles containing acidic lipids was increased 10-fold by the introduction of each additional lysine, independently of the identity of the anionic lipid. This represents a contribution to the binding free energy of~1.4 kcal/mol. Similarly, membrane targeting of the protein kinase pp60src (Src) and mutation of two of the six basic amino acids to neutral asparagines increased the K d by 100, and mutation of five of the six increased the K d by another order of magnitude. The latter is similar to the binding affinity of WT Src for neutral PC vesicles, showing that in that case, mutation of the basic cluster mainly affects the electrostatic interaction between Src and negatively charged vesicles (46) . In addition, Wimley and White (47) reported a free energy of~1 kcal/mol for the transfer of lysines to the interfacial region of POPC large unilamellar vesicles.
For BtPI-PLC, the large effect of the K44A mutation is in agreement with what is expected from the computed transfer free energies of lysine and alanine side chains to the interface of a DOPC bilayer (48): À4.4 and À1.6 kcal/mol, respectively. The difference represents the cost of replacing the lysine by an alanine and amounts to 2.8 kcal/mol. Thus, the high contribution of Lys44 to membrane binding is due to its position in the headgroup region, where it participates in hydrophobic interactions with the lipid tails and long-lasting hydrogen bonds with lipid phosphate groups. K44 is located close to the average plane of the phosphate groups in the different bilayers, whereas other positively charged residues (i.e., K38, R71, and K279) are farther away from the IBS (Table S4 ). This also correlates with the moderate effects of the K38A, R71A, and K279A mutations on BtPI-PLC affinity (Fig. 9) .
Looking at the computed free energy of transfer of a lysine side chain through POPC bilayers as a function of the distance from the center of the membrane is very informative. The slope is rather steep along the 5-10 Å that separate the bulk from the preferred position of the charged side chain, with a difference between the two environments of 2.5 kcal/mol (48) (49) (50) . Thus, the contribution of basic amino acids at the IBS of peripheral membrane proteins will vary significantly depending on their position. The environment of these positive side chains and any intramolecular interactions they might engage in are also expected to modulate their contributions. Furthermore, our survey of the OPM database (31) shows that the distribution of surface basic amino acids in peripheral membrane proteins with respect to the membrane normal is rather broad (Fig. 10 B) , indicating a potentially broad range of contributions of these amino acids to the affinity of peripheral membrane proteins for biological membranes. Thus, it is difficult to formulate a rule of thumb for the average contribution of each basic amino acid to peripheral membrane binding, since the magnitude of such contributions is context dependent.
Weak nonspecific electrostatic interactions
Our analyses of the simulations show that the short-range interactions that determine k off do not explain BtPI-PLC's specificity for PC vesicles containing negatively charged phospholipids. Therefore, we evaluated the interactions that contribute to k on using continuum electrostatic methods, a qualitative approach that has proven reliable for that purpose. As expected, the calculated electrostatic contributions to BtPI-PLC's association with bilayers depends on the anionic lipid content and is most favorable with equal amounts of zwitterionic and anionic lipids. It is less favorable for increasing amounts of PG anionic lipids. These results agree with the experimental data (42) and are due to unfavorable interactions between the large negative regions of the protein's surface potential and the anionic membrane. Despite an overall negative charge, BtPI-PLC shows favorable electrostatic partitioning toward anionic membranes. In this respect, BtPI-PLC is not unique, as other negatively charged amphitropic proteins are known to partition to anionic membranes (15) . By contrast, a striking characteristic of BtPI-PLC is the small magnitude of the electrostatic free energy DG el (~À0.25 kcal/mol; Fig. 7 ) compared with what has been calculated for other peripheral membrane proteins using the same method (15, 16) . Although calculating DG el using continuum electrostatic calculations has obvious limitations due to the simplicity of the model, comparisons of the BtPI-PLC results with those obtained using the same approach for other proteins remain valid and informative. Furthermore, the affinity of BtPI-PLC for neutral pure PC vesicles (K d ¼ 0.026 mM) is only~4.1 times less favorable than that observed for vesicles with 20% anionic lipids (K d ¼ 0.0064 mM), which is the PC/PG ratio that yields the tightest binding (10) . This corresponds to an electrostatic contribution of <1 kcal/mol. This value, like the computational evaluation, is significantly lower than reported experimental values for amphitropic proteins (~2 kcal/mol) (2) . A marginally favorable DG el means that the magnitude of the Coulombic contribution is only slightly higher than the magnitude of the desolvation penalty for the polar and charged residues (16) . The low electrostatic interaction energy is explained by the absence of a well-defined cluster of basic amino acids at the BtPI-PLC IBS (46, 51) .
Interestingly, a number of other membrane-binding peptides and proteins have been reported to have a low electrostatic partitioning. Amphipathic lipid-packing sensor motifs are short helical peptides found in proteins that target curved membranes. Unlike many amphipathic helices, amphipathic lipid-packing sensor motifs have few basic amino acids and are described as weak electrostatic interactors with bilayers (52, 53) . It is thought that the lack of electrostatic interactions helps these peptides recognize membrane curvature. The human group X secreted phospholipase A 2 has been described as having an electrostatically neutral IBS. With just a few basic amino acids at the IBS, the continuum electrostatic calculations yield a slightly unfavorable DG el (~0.30 kcal.mol À1 ) when the protein is positioned next to the membrane. The same applies to the bee venom-secreted phospholipase A 2 (DG el ¼ 0.15 kcal.mol À1 ), which has been described as interfacially binding to membranes via a nonelectrostatic mechanism (54) . The work presented here, along with the studies mentioned above, expands the literature on peripheral membrane proteins by highlighting a previously neglected class of peripheral membrane proteins that have weak electrostatic interactions with membranes.
Other peripheral membrane proteins display comparable distributions of basic amino acids
A survey of the peripheral proteins present in the OPM database allowed us to calculate and plot the net charges of membrane-binding proteins (Fig. 10 A) . The resulting distribution of charges is comparable to what has been observed for the entire proteome of Saccharomyces cerevisiae (55) and indicates that peripheral membrane-binding proteins do not display a distribution of net charges skewed toward positive values. In fact, approximately one-third of the protein families classified as peripheral/monotopic in OPM have on average three or fewer basic amino acids within 10 Å of the membrane surface in their predicted membrane-bound state. It should be kept in mind that these charge estimates are based on simply counting basic and acidic residues, treating histidines as neutrally charged, and considering a neutral pH. Nonetheless, although some peripheral membrane proteins have strong electrostatic interactions with membranes, the results obtained from analyzing the OPM database suggest that weak nonspecific electrostatic interactors are less unusual among membranebinding proteins than was previously thought.
CONCLUSIONS
Tyrosine-choline cation-p interactions are opportunistic and occur as the result of the presence of PC lipids in the membrane. We propose that they constitute a mechanism for the recognition of PC-rich eukaryotic cell membranes. The highest affinity of BtPI-PLC toward slightly anionic SUVs is the result of weak electrostatic contributions from basic residues, particularly from one key basic residue. Our investigations show that the energetic contributions of basic amino acids to peripheral membrane binding are dependent on their position with respect to the IBS and how deep they might anchor in the lipid bilayer. As a result, and given the distribution of lysines and arginines in known amphitropic proteins, we suggest that weak nonspecific electrostatics might be more common than is generally thought and should be considered as a means for proteins to respond quickly to environmental changes.
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Methods.
Bilayer preparation for MD simulations
Bilayers of DMPC, DMPG and DMPC:DMPG lipid mixtures were built using the CHARMM-GUI (1). We considered four bilayers: pure DMPC (X PC = 1.0), a 80:20 (X PC = 0.8) mixed bilayer, a 50:50 (X PC = 0.5) mixed bilayer, and pure DMPG (X PC = 0). Where X PC represents the mole fraction of PC lipids in the mixture. All bilayers contain 256 lipids (128 in each leaflet). TIP3P (2) water molecules were added to hydrate the lipids and sodium was used as a counter-ion to achieve overall charge neutrality of the system when necessary. The CHARMM36 force field, with updates for lipids (3), and NAMD (v2.9) (4) were used for the simulations. The bilayers were first minimized using 4000 steps of a conjugate gradient algorithm. The system was then equilibrated at 310 K, and 1 atm in the NPT ensemble for 400 ps with constant area in the x-y dimension and 2 fs time steps. The temperature was controlled with Langevin dynamics with the temperature damping coefficient set to 1.0 and the velocities periodically reassigned every 1 ps. The pressure was controlled using the Langevin piston method (5) with an oscillation period of 75 fs and a damping time scale of 25 fs. We used anisotropic pressure coupling. The non-bonded interactions cut-off was set to 12 Å and long-range electrostatics corrections beyond the cut-off were modeled using the Particle Mesh Ewald (6) method. We used switching functions for both the electrostatics and van der Waals interactions with the switch distance set to 11 Å. We used the r-RESPA (7) multiple time step algorithm and short-range non-bonded forces were evaluated every 2 fs while longrange electrostatics were evaluated every 4 fs. SHAKE (8) was used to constraint all bonds between hydrogen atoms and heavy atoms. The systems were then further equilibrated for 200 ps after removing the constant area constraint. The bilayers were further simulated for 100 ns in the NPT ensemble without velocity reassignment. The bilayer with a 50:50 PC:PG ratio (X PC = 0.5) was simulated for 200 ns to achieve proper lipid mixing. The pressure control parameters for the Langevin piston method were altered to 200 fs for the oscillation period and 50 fs for the damping time scale. All other simulation parameters remained unchanged. The areas per lipid for all of the bilayers are listed in Table S1 .
We did not use a correction for the Lennard Jones potential between Na + and lipid oxygens (9) for several reasons. Since our simulations start with the protein inserted in the bilayer, we do not expect the ions to play a significant role in the protein-bilayer interaction as indicated by the low electrostatic partitioning (Cf. Results section, continuum electrostatics calculations), and to our knowledge the correction has not been benchmarked on systems containing surface-bound proteins or peptides. We did prepare a DMPG bilayer using the Lennard-Jones correction though, and then ran test simulations with BtPI-PLC using the correction. Under these conditions, BtPI-PLC binding to the bilayer was unstable as we also observed in the simulations without the NBFIX correction.
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Minimization of the protein-bilayer systems
Subsequent to the docking of the protein onto the bilayer, membrane and protein were submitted to an energy minimization using the following harmonic restraints: 150 kcal/mol/Å 2 for the protein backbone and water molecules; 100 kcal/mol/Å 2 for membrane atoms located further than 5 Å from the protein and protein side chain atoms located further than 5 Å from the membrane; 50 kcal/mol/Å 2 for membrane atoms located within 5 Å of the protein; 15 kcal/mol/Å 2 for protein side chains atoms located 5 Å or less from the membrane. The minimization consisted of 20 consecutive cycles of 600 minimization steps (500 steepest descents, 100 conjugated gradients) with the restraints scaled by 0.65 after each cycle.
MD trajectory analysis
All analyses were performed on the last 450 ns of each simulation using CHARMM (v33b1) (10) and VMD (v1.9.1) (11) . Hydrophobic interactions between the protein and lipid bilayer were assigned if the protein and membrane candidate atoms were within 3 Å of each other for at least 10 ps. For the protein, candidate atoms for hydrophobic contacts are side chain atoms from aliphatic and aromatic groups, while for the lipid bilayer; the candidate atoms are from the hydrophobic lipid tails. Hydrogen bonds were assigned using the donor and acceptor definitions from the CHARMM (12) force field with a distance cut-off of 2.4 Å and an angle cut-off of 130 degrees. The two cut-off criteria had to be met for at least 10 ps. Cation-π interactions between the aromatic amino acids (Tyr, Phe and Trp) and the choline group of the DMPC lipids were assigned if the nitrogen atom of the choline group was within 7 Å of the aromatic rings. Additionally these distances should not vary more than 1.5 Å (13, 14) . Combining these two criteria, we can screen for the possible formation of cation-π adducts during the course of simulation. Hydrophobic contacts, hydrogen bonds and cation-π interactions are averaged over the two replicas.
Occupancy of a particular interaction is reported as the number of conformations with the interaction present divided by the total number of conformations in the trajectory sampling window.
Electron density profiles (EDP) were generated using the Density Profile Tool (15) VMD plugin. EDPs were calculated from the trajectory at 1 ns intervals. The projection axis is the z-axis, which is also the bilayer normal. The profile resolution is Δz = 1 Å for the protein and lipid bilayer. The profile resolution is Δz = 0.5 Å for helix B and phosphate planes of the membrane.
Continuum electrostatics calculations
Poisson-Boltzmann calculations are carried out using APBS (version 1.3) (16). The parameters for protein and ions are adapted from the CHARMM all atom force field (c22 including CMAP correction) (17) and for the lipids from the force field update for lipids (Charmm36) (3). The non-linear Poisson-Boltzmann equation is solved using the focusing technique (18) . Coarse grid dimensions are expanded by a factor of 2.5 as both
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BtPI-PLC and anionic membranes are highly charged. Fine grid dimensions are obtained by adding 50 Å to the molecular dimensions. We used a fine grid spacing of 0.5 or 0.35 Å. The difference in the calculated electrostatic free energy was less than 0.003 kcal/mol; therefore a fine mesh spacing of 0.35 Å was chosen for all of the calculations. The solute dielectric is set to 2 and the solvent (water) dielectric is set to 80. KCl is used to investigate the effects of salt concentration on the electrostatics.
The electrostatic free energy for the protein, G el (P), the membrane, G el (M), and the protein membrane complex, G el (P.M), were all calculated. The electrostatic free energy contribution to the free energy of binding due to protein membrane interactions can then be evaluated as follows:
(S1)
Database statistics
Analysis of net charges For the selected families, we obtained average net charges, ! , for each family, F, as:
where is the number of proteins in the family F, and ! is the net charge of a protein obtained as:
where ! , ! , ! , and ! respectively denote the number of lysines, arginines, glutamates and aspartates in the protein.
Analysis of basic residues
For a family F, we calculated the mean number of basic amino acids at the IBS as:
where 'basic' denote amino acids of type Lys or Arg. Please note that the plot in Figure  10 has been truncated to exclude one family with ! !"#$% > 40.
We also calculated the mean surface density of basic amino acids at varying distances from the membrane. We define this statistic for windows of size l around different insertion coordinates. For a family F, the mean surface density of basic amino acids is:
where 'any' denotes amino acids of any type. We report averages over the entire dataset:
where denotes the number of families in the set.
FCS measurements of BtPI-PLC binding to SUVs
FCS experiments were carried out at 22 o C on 300 µL samples in phosphate buffered saline (PBS), pH 7.4, plus 1 mg/ml BSA to stabilize BtPI-PLC, in chambered coverglass wells (LabTek). The wells were coated with 10 mg/ml BSA and rinsed with PBS prior to use to prevent protein adhesion to the sides of the wells. 10 nM labeled PI-PLC was titrated with SUVs, and the fraction of protein bound to vesicles was determined from two species fits to the autocorrelation, G(τ)
, (obtained in crosscorrelation mode) as described previously (19) . In brief:
where p and v denote free protein and SUVs that are fluorescent due to PI-PLC binding, respectively, and A j is the amplitude of species j (19) (20) (21) (22) . The correlation function for species j, g j (τ), accounts for translational diffusion of the molecules through the observation volume. The measured diffusion times depend on the radius and extent of the observation volume, determined from fits to rhodamine 110 calibration data using D = 280 µm 2 s -1 at 22 o C (23), and D j , the diffusion coefficient for each species (22, 24) . D p for the free protein was experimentally determined in the absence of vesicles while D v for the SUVs was determined from global fits to all of the titration experiments for a particular X PC using Origin (OriginLab). The apparent fraction of protein bound to the SUVs, f, can be determined from A p and the time-averaged number of proteins in the observation volume in the absence of vesicles <No>, by:
where A p,o =1/<N o > is the autocorrelation amplitude for free BtPI-PLC prior to vesicle titrations and corrected for volume changes. The apparent dissociation constant, K d , representing BtPI-PLC partitioning onto the vesicle, and a cooperativity coefficient, n, were determined from fits to the equation:
where f, is determined for different total lipid concentrations, [PL], at fixed X PC , and f max is the apparent maximum fraction bound. FCS experiments were repeated twice using different vesicle and protein preparations. Assuming that uncertainties are normally distributed and considering the range of standard deviation values from all of the FCS measurements, a 2-3 times increase in apparent K d relative to N168C PI-PLC (WT*) is considered significant. (2) we want to follow the dependence of the interactions on the PC:PG ratio (some interactions such as cation-π obviously disappear in the absence of PC). The results presented in the table above are averages over two replicas using the last 450ns of each simulation.
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b Secondary structure elements; α: helix, β: strand, βi-αX: loop between strand i and helix X. Figure S1 . The β7-αG loop is more flexible in simulations without PC lipids. The RMSD of the loop relative to its initial conformation is plotted across the simulations for BtPI-PLC interacting with lipid bilayers with different lipid compositions. On a pure DMPG bilayer (X PC = 0, black) the loop loses intramolecular interactions resulting in more flexibility. 
